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SECTION 1

INTRO D UCTION

A con ti nu ing  responsibi l ity of the De fense Nuclea r  Agency
(DNA) is to provide nuclear weapon effects simulation facilities

to the Services in suppor t of service requ iremen ts to tes t and
cer tif y various equipments against the nuclear environment. As

part of this program , large high explosive even ts simula ting the

airbiast from approximately a 1 KT nuclear detonation have been

fielded on an average of one per year since the Snowball event in

1964 (if one accounts for some years with up to three detonations ,

e.g., the Sailor Hat series). All large simulation events (not

coun ting the r e la t ive ly  sma l l  20 ton gaseous m i x ture event s) have
utilized condensed explosives (TNT, ANFO , or nitromethane) as the

explosive source , e ither as a ma tter of conven i ence or h is tor ical
precedence , e.g., the use of recas t , s u r p l u s TNT , because a

cra ter ing even t was also a sim u la t ion req u iremen t , e.g., Pre-Dice

Throw and Pre-Mine Throw IV , or beca use no su itable  al terna t ive
was available, e.g., Dice Throw .

For simulation events whose primary purpose is to provide

an airblast environment , the cratering aspects of condensed ex-

plosives placed directly on the ground surface are detrimental

in that the crater ejecta may cause unwanted impacts on airbiast

targets and the crater needs refilling and extensive rehabilita-

tion of the test bed is required before a test may be repeated

using the same ground zero. Since gage mounts , cabling, trench—
ing , instrument power and like capital investments represent a
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considerable fraction of the Cost of a large simulation test , the

cost savings of a reusable test facility could be substantial.

Also for most systems where airblast is the primary damage

mechanism , e.g. , for tactical land—based systems , the hi gh
airblast overpressures produced by condensed (solid) explo-

sives are unnecessary for nuclear simu1at~ on purposes.

These requ iremen ts to conduct frequen t tests of various
mili tary equipment against the simulated airblast from nuclear

weapons have emphasized the desirability of a reusable facility

for such purposes . In a reusable facility, airbias t  gage moun ts ,

instrumen tation , cabl ing , and other test—bed hardware would be

permanen tly emplaced , resul ting in decreased costs of testing
and decreased turn—around time . The nuclear airblast simulation

technique employed in the facility should be able to generate

highly uniform and repeatable overpressure and dynamic pressure

waveforms consistent with the waveforms from a l-KT nuclear

surface burst for overpressures from approximately 1 psi to

100 psi. In certain research applications , the ability to

vary the equivalent nuclear yield easily would be advantageous.

Detonable gas mixtures contained in balloons for the pur-

pose of nuclear—airblast simulation have received considerable

attention by DNA (Reference 1). Properly mixed mixtures of

methane/oxygen and propane/oxygen produce clean , reproducible
airblast waves and their low detonation pressures ( -  600 psi)

preclude disturbance of the test bed . These would seem ideal

for airbiast simulation purposes except for the long filling

times of the large (~ 300—foot diameter) hemispheres, their

susceptability to wind loads, the high cost of the balloons,
and the safety aspects of handling detonable gas mixtures.

______ - ~—--.~~~~~~~ -~~ - —  ____________



However , the success of the detonahle-qas bi llo on conceI,t

in s i m u l a t i ng l ow y ie ld  (~~ 20 ton) nuclear (letenitions argues in

favor of the concept that fre- . air , i .e., W i th e u t k,illoon con—

fi’iement fuel-air explosions (FAE) could provide an adequatC

simulation of a 1-MT nuclear explosion without the complica-

tions , cos t , fill time and safety aspects of the Jetonable-gas

balloon . In addition fuel—air explosions have been successfully

adapted as a military airbiast—effects weapon , e .g., the BLU—73/B ,

and devices containing up to 1400 pounds of explosively—dissemi-

nated fuel (ethylene oxide ) have been successfully detonated

(R e f e r e n ce 2). These devices give airblast pulses similar to

those obtained from other high explos i ves and/or nuclear deto-

nations.

Theoretical analysis (Reference 3) of the enerqetJcs of FAE

leads to the conclusion that these detonations may be five to

ten times as effective per unit weight (includinq only the weight

of the fuel as the exp losive) as condensed explosives in pro-

ducing airblast since the FAE rely on the atmosphere for its

oxidizer. Cost comparisons o f raw ex p los i ve , based on somewhat

unce r ta in TNT equ iva lences , are favorable for FAE fuels , e.q.,

ethylene oxide appears to be one-half the cost of ANFO per pound

of TNT equivalent. Consequently, 1’AE have also the pot ential

of being considerably more cost—effective than condi’io;i’d tx -

plosives for nuclear airbiast simulation.

The volumes occupied by stoichiometric FAE mixtur es are ,

however , approximately four times larger than those for methane-
oxygen mixtures and hence it appears that the single most

important question related to FAE as a practical airblast simula-

tion concept is whether or not uniform , repea table mix i ng of the
fuel with the air can be routinely achieved on a time scale of

—
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a few seconds or tens of seconds. It should be noted that even

balloons containing detonable gases are not automatically well

behaved and that a considerable effort was e: ended to assure com-

plete mixing of , fo r  ex amp le , methane and oxygen be fo re  repea table
and reproducible detonations were obtained (see Fi gures 4.121 and

4.122 of Reference 4). Complete mixing is even more of a re-

qu irement for fuel-air mixtures as evidenced by the much greater

sensitivity of detonation pressures on the mixture rat io of

oxid izer and f u el when usin g ai r versus u sing oxyge n (see , for

exam p le , Fig ure 2.47 of Reference 4).

8

• -_~~~~~~~~~ -~~~~~~~~~~~~ — -~~ ~~~-.



SECT I ON 2

PROGRAM OBJECTIVES

To be c o s t — e f f e c t i v e , a n u c l e a r  a i r bl i st  s i m u l a t i o n  t e c h n i q u e
must  be a z i m u t h a l l y  u n i f o r m  (or p r e d i c t a b l y  n o n — u n i t  o r r u ) and ,
w i t h i n  l i m i t s , r ep e at a b l e  in i t s  ov e r p rl’ss ur l -  m d  o v e r p r e s s u r e —
i m p u l s e  v e r s u s  d i s t a n c e  r e l a t i o n s h i ps . ( ) t h & r ’ i s e  , . r i t  i c a l  ex-
p e r i m e n t s  may n ot  I x p t r i e n c ’ -  t h e  des i red  l o a d in q s  and  o I r  c e rt i  f i—
c a t i o n  t e s t  may b’ i n v a l i d a t e d  f o r  the  same reason. Even con-
densed e x pl o s i ve  e o ir I ’, s  have  a p r o b l e m  area  in  t h i s  r e sp e c t  a t

h i g h  overpr c ’ssln es d t t  t o  j e t  t m l  and  a i r bl a s t  “ a f l o f l ’  l i~ ’a ’
obsnrved f o r  c * ! ! m ’ ii o ur c e  a - o n s t r i os .

A i r b la s t  d l ’ 1 t ~ n ; t  i t  t e a l  ly  f i r e d  F/\ E e x p e r i m e n t s , es-
p e c i a l l y  d a t a  f l I T  t h e  l a r t r  charqe sizes , provides a basis

fe r  e s t i m a t i n g  the  degree of  r e p r o d u c i b i l i t y  as soc i a t ed  w i t h

FAE and , when compared  w i t h  n u cl i m  o v er p r e s s u r e  d a t a , t he u e

data  a lso g i v e  e x p e r i m e n t a l l y  based e s t i mat e s  of t h e  n u c l e a r
s i m u l a t i o n  e f f i c i e n c y  of F ’AE. The first objective of the  cur-

rent study was to review and c l r : u m e n t  the  p e r t i n e n t  F’AE d a t a

and make compar ison s w it h h ig h ex p los ive, nuclear-airblast

simulation data and nuclear-airblast data .

Because of the large  volume assoc ia ted wi th stoich iometr i c
fuel—air mixtures , e.g., 1.5 x 106 m 3 for an energy release of

1 kt (4.10 12 joules) or a hemisphere 90 meters in radius , success-

ful fuel—dispersal methods are believed to be the kernel of a

— - • - - ~~~~~~~~~~~~~~~~~~~~~~~~~ •_•



successful FAE nuclear airblast simulation . Large amounts of

f u e l  must  be d i spersed  u n i f o r m l y  in a very  short  t ime . Due to

h i g h  d y n a m i c  p re s su re  impulses  w i t h i n  the FAE f i r e b a l l , s t ruc-
t u r e s  to suppor t  f u e l  d i s p e r s a l  equ ipment do not appear cost-
e f f e c t i v e  or desirable. As an alternate to in—cloud dispersal

p o i n t  sys tems , g round-based  n o z z l e s  were recommended as a

pri mary method of dispersal (Reference 3). Since da ta  on com-
mercial noz.’l (’ characteristics (such as flow volume , spray an gle ,

reach , and droplet size) necessary to demonstrate the feasibility

of a ground—based nozzle system were not documented in previous

studies (References 3 and 5), the second o b j e c t i v e  of the study
was to document and analyze these data.

10
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SECTION 3

COMPARISONS OF FAE AI RBL A ST DATA WITH
NUCLEAR HIGH EXPLOSIVE DATA

As the ob jec t ive  of a n u c l e a r  a i r b i a s t  s i m u la t i o n  p r o g r a m
is to s i m u l a t e  a 1-MT n u c l e a r  s u r f a c e - b u r s t, a l l  da t a  w i l l  be

compared on t h a t  b a s i s .  The s t a n d a r d  n u c l e a r  s u r f a c e  b u r s t

cu rve  of ove rp res su re  ve r sus  d i s t a n c e  is g i v e n  ~n the  Fig-

ure  4 . 3 — 5 1  of R e f e r e n c e  6 .  Th i s  curve  i s  a compos i t e  of a l l
max imum overp ressu re  d a t a  recorded on n u c l e a r  s u r f a c e  b u r s t s .
The mean curve  to the d a t a  has  been f i t t e d  s t a t i s t i c a l l y  and

maximum d a t a  scat ter  abou t  the  mean is ‘ 13 n e r c e n t .  The curve
of overpressure  impu l se  as a f u n c t i o n  (If over p r e s s u r e  was  con-

structed using Figure 4.3-51 of Referenc ~‘ and Fi gure 4.3-57

which shows a scatter of 4 30 percent for ovt rpressure impulse

about the mean value at a given range. Tn makin g the comparison

with high exp los ive and FAE a i r b la st , the nuclear data will be

presented with the nuclear data scatter shown as shaded hands.

3.1 CONDENSED HIGH EXPLOSIVE AIRBLAST DATA

Before presenting the FAt airblast data , it is worthwhile

to assess data from nuclear-airblast simulation events using

condensed hi gh explosives . Figures  1 and 2 prese nt da ta f rom
five surface—tangent spheres of TNT (Reference 7) and two

surface-tangent spheres of nitromethane (Reference 8). Because

of the nature of the high explosive source , i.e., the tangent-

to-the-surface geometry, overpressures above 10 psi are larger

11
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$

than those for the equivalent weight hemisphere . The data have

been corrected to the same standard conditions of temperature and

pressure (STP) as used for the standard nuclear surface-burst

curve .

The overpressure versus ground range da ta were “fit ” to the

n u c l e a r  s u r f a c e- bu r s t  curve to d e t e r m i n e  the weight of high ex-

plosive necessary to match the nuclear surface—burst curve over

a range of pressures f rom 1 psi to 100 psi. Since the high ex-

plosive overpressure—distance curve has a greater curvature than

the nuclear overpressure—distance curve , the two sets of data can

never be in juxtaposition over the entire range of interest.

The re fore , it is necessary to compromise the “fit ” to have the

hi gh exp los ive  da ta somewha t hi gher than the nuclear curve at
the 100 psi leve l and somewha t lower than the nuclear curve a t
the the 10 psi leve l and approximately equal to nuclear curve

at the 1 psi level. To fit the high explosive data to the nuclear

pressure—distance curve requires 380 tons of high explosive .

The same procedure in  “fitting ” the nuc lea r  overpressure
impulse—overpressure curve was used in Figure 2. Here we note

that the high explosive impulse data decrease with overpressure

f~ r overpressure greater than 300 psi . This is a consequence

of the decrease in pulse duration for high explosives with

decreasing distance from the explosion . The three low impulse

points on Dial Pack and the two low impulse points on Mixed

Company are undoubtedly the results of airblast anomalies which
frequently accompany the surface-tangent sphere charge con-

figuration . The same 380 tons of high explosive are required

to match the nuclear curve ; in fact , in matching the nuclear

curves of Figure 1 and 2, consistency in the yield equivalency

of the high explosive was an overriding fac tor in the “ f i t t i n g ”

of the high explosive to the nuclear data.



It should be noted that it is the overpressure impulse-

overpressure relationshi p which is most important in determining

the fuel efficiency relative to a nuc lea r  d e t o n a t i o n  s ince  the

tes t ing  of equipment  depends more on h a v i n g  the proper i m p u l s e

at the desired overpressure rather than having exactly the

nuclear overpressure at a specific range from the burst point.

Stated another  w a y ,  the desired overpressure  may be ob ta ined
by a d j u s t i n g  the range f rom the bur s t  point , but  the des i red
impulse  at tha t  overpressure can on ly  be obta ined by a d j u s t i n g
the charge wei ght.

The 380 tons of high explosive necessary to s imula te the
l-k t nuclear airbiast is significantly lower than the 500 tons

of high explosive usually quoted as the nuclear-to-hig h-explosive

equivalency. This is because the 500 ton equivalence derives

from overpressure data  f rom hemisph e r i c a l  charges  of TNT which

produce lower overpressures in the reg ion above 10 psi (see

Fi gure lOa of Reference 9 ), and tha t a compromi se has been made

in the fitting of the overpressure—range curve for the tangent

sphere data.

3.2 EXPLOSIVELY DISSEMINATED FUEL CLOUDS

Airblast data from static firings of FAE warheads were ob-

tained from References 2 and 10 and from examination of pressur e
gage records at the Naval Weapons Center (NWC), China  Lake ,

California. Why the latter was necessary is illustrated in

Figure 3 which presents tracings of oscillograph records of
pressure gage outputs from a typical FAE warhead detonation .

Immediately noticeable is the multiplici ty of shock waves
associated with pressure pulses exterior to the FAE fireball.

The origin of the secondary and tertiary shock systems comes

from the manner in which the FAE cloud was detonated . Since
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the explosively disseminated clouds tend to t~ l ean  in fuel at

t h e  ‘ e n t ( r  and i ich t o w a r d  the  o u t e r  edges , t h e  d e t o n a t o r s
( u s u a l l y  two ) a r~ p laced o f f — c e n t e r  f r o m  the  c a n i s t e r  r e s u l t i n g
in  a n o n s y m met r i c a l  s e r ie s  of d e t o n a t  ions and c o l l i s i o n s  of

shocks w i t h i n  t he  I’A E c l o u d ; t h e  net  r e s u l t  b e i n g  a m u l t i p l i c i t y
of shocks i n  t he  a i r h i a s t  o u t p u t  of t he  FAE.  Since the  d u r a t i o n

of a ir b i a s t  p u l s e s  f r o m  these  warheads  is shor t  ( s e v e r a l  tens
of m i ll iseconds ), the targets against w h i c h  these weapons are

i n t ended  to be used are g e n e r a l l y  s e n s i t i v e  t o  ove rp res su re

i m p u l s e  r a t h e r  t han  peak ove rpre s su re .  C o n s e q u e n t l y  the  m u l t i p l e
shock c h a r a c t e r i s t i c s  a re  not  g e n e r a l l y  d e t r i m e n t a l  to the per-
f o r m a n c e  of the  w a r h * 1 I i .

M u l t i p le  a i r b l i s t  shocks  are , however , d e l e t e r i o u s  in a
nuc lear-jirblast simulati on syster’l since , except in special cir-

cumstances , double shocks are not associated with nuclear air—

blast pulses . Wh i t  makes the problem even more complicated for

explos ively  dissem ii .ited e l t ,u ; i s  is that the double shocks are

not symmetric about the center of the cloud since the detonation

points have been offset from the warhead . In a practical

nuclear—a irblast simulation , these multi p le shocks can possibly

be avoided by providinq • t  more uniform fuel distribution and

centrally located cloud detonation points.

A second feature of the waveforms is the occurrence of

numerous pressure spikes of extremely short duration .* In

evalua ting high explosive airbiast data , such sp ikes would be
edited out during data interpretation and the maximum over-

pressures read f rom the  records as shown in F i g u r e  3. Every

pressure record used in the analysis of the 300- , 1000- and

1400-pound FAE warhead data was examined and maximum pressures

The so—called “impulse-less prescures ” at the NWC
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reread , if necessary, to e l i m i n a t e  p ressure  sp ikes  f r o m  the
data . This procedure actually resulted in a tighter set of data ,

albeit somewhat lower maxima , than were reported in References 2

and 10.

The f u e l  c louds  were a p p r o x i m a t e l y  c y l i n d r i c a l  in shape

h a v i n g  a h e i g h t  to diameter  r a t i o  of 0 . 2 . For the n o m i n a l
14 00 pound warheads , the cloud diameter was approximately 115

feet and the cloud height approximately 23 feet. The detonators

were p laced a t 30 and 40 f e e t  r e spec t i ve ly  f r om the warhead  a t
r i g h t  a n g l e s  to the  pressure  gage l i n e . The clouds were deto-
na ted a t approxima tely 370 msecs af ter ign it ion of the bu r s te r .
Fi g u r e  4 and 5 show the r a d i u s  and h e i g h t  of the  clouds as a
f u nct ion of time for several  nom ina l  1400 pound w ar h e a d s .

The data from the 300— , 1000- , and 1400-pound FAE warhead
de tona tions were correc ted to STP and sca led to a common y ield
by the usual one-third power-of-yield scaling rules. The data

were then f itted to the nuclear  s u r f a c e bur st curve in the same
m a n n e r  described fo r  the h igh  exp los ive  da t a , i . e . ,  m a t c h i n g
the overpressure versus ground range curve between the 1 psi and

100 psi l i m i t s  (Fi gure 6 ) .

Because multiple shocks appeared to increase the duration

of the waveforms , it was thought that there might be a tendency

toward higher impulses for the multi ple shock waveforms over a

single shock system , consequently the data were sorted on this

basis in Figure 7 (data points showing ticks correspond to

multi ple shock waveforms). There appeared to be no trend in

this direction discernible within the scatter of the data , and
consequently this effect was ignored in fitting the impulse

versus overpressure curve against the nuclear data .

V
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The data (Figures 6 and 7) indicated that 170 Tons Of

ethylene oxide , explosively disseminated and dI t onat -Il in a

cloud geometry g e o m e t r i c a l l y  s i m i l a r  t o  th e smaller detonations ,

would  be r e q u i r e d  to simulate a l — K T  n u c le a r  sur~ I I  bursT

Thus , it appears this FAE confi guration is somewhat more than

twice as efficient (on a fuel-we ight basis) as condensed cx-

pl Os i yes.

Reference 11 gives data on the detonation of six BLIJ-73/B

warheads containinq 72 pounds of ethylene oxide. Airb last

r- .easuremeiits were made along three lines located at 0, 120 , and

240 degrees azimuth. Detonators were placed aloni the •-~cro

degree direction for two explosions , along the 45 d g r t di i 2ction

for two e x p l o s i o n s , and a long  the  180 ihqret dire ct ion for the

remaining two explosions. Meteoroloqical condit ions ranged over

temperatures from 70— to 98—°F’ with winds varying from 5— to

35-mph .

Overpressure impulse data are plott ed as a function of

overpressure in Figure 8. Since the reference presents no wave-

f orms , it was not possible to run a check on maximum overpressures

as was done for the NWC data. The ov ,ressure dat i along the

gage line located at 240 degrees was consistently h iq h - r than The

overi’ressure data along the line at zero degrees a z i m u t h  and i t

appeared that the placement of the detonators had a clear effec t

on maximum overpressure. The variation in overllressure impulse

was less pronounced than for overprrssure and the data along the

qaqe l i ne at 240  deg rees was on ly sl i ghtly hi T h er than the data

along the line at zero degrees without any clear ef te c t  of deto-

nator placement.

The fue l  cloud appeared to have t wo f a m i l ies per cloud
volumes , 1.14 (± 0.02) x 1O 4 ft 3 and 1.43 (± 0.09) x l0~ ft 3 .
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These cloud volu mes imply fuel concentrations of 8.5 r~’-rcent and

6.8 percent , respec t ive l y . Da ta also i n d i c ate two f ami l ies of
de tona t ion  v e l o c i t y ,  6 , 088 ( ±  3 7 9 )  f t/ s e c  and 4 , 750 N 3 7 3 )  ft/sec ,

but since the cloud volumes (and consequent fuel concentrations)

were reported independent of the detonation velocity measurements

it was not possible to correlate the two sets of data .

Two observations can be made from the data plotted in

Figure 8. First the data , except for a few wild points , do not

scatter appreciably more than the data from the larger charq,js

shown in Fi gu re  7; second , the smaller charges appear to be

more efficient , i.e., th2y have a larger impulse when scaled

to 170 tons of f u e l t han  do the data from the larqer charges.

It should be noted that for the 300 to 1400 pound charge data ,

t he re  is a s m a l l  but  c o n s i s t e n t  tendency for the impulse effici ’ nc’,

to decrease wi th increas in g fue l weight which is Consistent with

t he  d i f f e r e n c e  noted between the da t a  of F i gures 7 and 8. This

result is probably the effect of depletion of fuel droplets by

the ground surface due to insufficient height—of-burst ot the

fuel canister (Reference 12). However , a study (Reference 13) of

the effect of height-of-burst on the output of standard BLU-73/B

canisters indicated no significant differences app l-irin q in the

airblast for heights—of—burs t rang ing from 3 to 18 feet . This

lack of airblast degradation was attri b ut l-d to the change in

cloud shape at larger heights—of—burst which allowed the cloud

thickness to increase , thus maintaini ng approximately constant

shock relief dis tance over the range of cloud formation heights.

3 . 3  H E M I S P H E R I C A L  BALLOONS FILLED W I T H  F U E L - A I R  M I X T Y RES

Reference 14 reports airbiast data from detonations of

hemispherical balloons inflated by near stoichiomotric mixtures

~ f ~~
pp~ and air. The hemispheres were centrally de tona ted a t

A mix tu re  of methylace tylene , propadiene , and propane fue l
used as a welding gas.

25



grou nd level and a i r bla s t measured a lon g two r a d i a l  l i nes 1 20 °

a p a r t .  F i v e — , 10— , and 20—mete r  d iameter  hemisph e r i c a l  b a l l o o n s
were used w i t h  nomina l fue l  weigh ts  of 6 . 5 — , 5 2 — , and  4 0 — p o u n d s ,
r e s p e c t i v e l y .

A l t h o u g h f u e l  was sprayed in to  the b a l l o o n s  over a l a r g e

area , failure to achieve FAE detonations on early tests led to

t h e  susp ic ion  t h a t  seepage in to  the ground i n h i b i t e d  v a p o r i z a -

t ion of t he  l i q u i d  r e s u l t i n g  in f u e l - t o - a i r  r a t i o s  o u t s i d e  of the
detonability limits. On subsequent tests , b lack  polye th y l ene
p l a s t i c  was l a i d  over the  ground ins ide  the enc losure  to p rec lude

c l o u d  dep le t ion . To achieve a homogeneous m i x t u r e , f a n s  were
used inside the inflated hemispheres to c i r c u late the MAPP gas
and air. One , fo ur , and eight f a n s  were used in the 5— , 10- ,

and 20-meter diameter hemispheres , respectively. Mixing time

varied from approximately 20 minutes for the 5-meter diameter

hemisphe re  to 170 m i n u t e s  fo r  the  20-mete r  d i ame te r  h e m i s p h e r e . *

Data in the report are not tabulated so it is not  possible
t u  distinguish between individual data points along the two blast

lines or between sets of data for the different hemisphere diam-

eters. Consequently the data had to be analyzed on the basis of

the maximum spread in impulse associated with the maximum spread

in pressure reported at a particular range. These data , cor-

rected to STP, werr scaled to a common denominator of 1 pound

o f  MAPP for both the overpressure-distance curve and the over-

pressure impulse-overpressure curve . When fitted to the l-KT

It should be noted that up to 2 hours and 15 minutes were re-
quired to inflate the 20-meter diameter hemispheres and tha t winds
severely stressed the partially inflated hemispheres and sometimes
caused tears at the anchor boundary. Experience showed that in-
fla tion could not be attempted in winds greater than 10 mph . Once
inflated the hemispheres were s table and wi ths tood gusts up to
15 mph .

26

L 
—•
~~~

—
~~

--
~
-i - -  • -

~~

- -   —--- -‘P.-
~~~’-- • -•



n u c l e a r  s u r f a c e  b u r s t  curves , the  ov er  p r e s s u r e — d i n t  a r ~ce r e l i t  i~~~I1) —

s h i p  ( F i g u r e  9)  shows a d i f f e r e n t  f u e l e f f i c i e n c y  t h a n  does t h e

overpressure impulse—overpressure c u rv e (FIgure 1 0 ) .  I n  - i t  h e r

case , the FAE fuel efficiency is I~~~~~& I I  or I h o , t h a t  f o r  t h ex-

plosively disseminated canister o f  e t h y i l n I  oxide.

This is be l i eved  due to the marl - - : ‘ r lied i i t  i r e  ( t a r —

ticularly the controlled m i x i n t  I f  fu l l and air) of the hemis-

pherical balloon detonations and To ‘h’ ore ~~~~ f icien~ cloud

geome try (hem isphe r i ca l ver sus cy~ ~nd~ Lci
T ) 1 - I  11. discussed i n

the next section . The f . 4 I- t  that i t  t 1 k I - S  o n l y  ~I 3  ‘ oH S  ( It  h i t - I

to match the impulse—ov erpressurl- curve w h o r - i s  i t  takes 88 tons

of fuel to match the overpressure—d 1st -iso ’ - cu rv  • is also to-i i c vt d

to be a function of the cloud (il-ometry. An T nt -rest 11) 1 com-

parison po in t  to the  MA P P— a i r h e m i s p h e r e  d a t a  is t hi - I r e p i n e —

oxygen hem isphere data on Reference 1 ( F i l l i r - 11), where 88 tons

of fuel (propane) are required to fit the impulse—overpressure

curve for the 1—K’r nucl ea r surface burst

3.4 SUMMARY

F igures  1, 6, and 9 and 1-’i gures 2 , 7, 10 , a nd 11 show tha t

for both the condensed explosives and  FAE there are occasional
points which fall low in both overpressure or overpressure

impulse with respect to the general trend of data. However ,

the FAE data , in general , exhibit a wider variability than do

the data from the high-exp losive nuclear-airblast simulation

experiments. In quantitative terms , the high-explosive impulse

data have a standard deviation about the mean (±0) of approxi-

mately ± 10 percent , while the standard deviation for both sets

of hemispherical balloon data is approximately + 20 percent and

the standard deviation for FAE impulse data is approximately

± 30 percent. Thus it appears that FAE , even those under the
most controlled cond itions , do not approach the predic t ion
accuracy for condensed explosives.
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The da ta do not support the hypothesis put forth in Refer-

ence 3 that larger FAE would result in smaller error bands. Some

of the data scatter for the smaller FAE events , i.e., the data

f r o m  t h e  ~LU -7 3/l~, may be due to i n s t r u m e n t a t i o n .  However , the
larger data scatter of Figure 8 over that of Figure 7 appears

to be associated with the data scatter in different measurement

dirco-t ions rather than from differences between data on different

events. The sca tter in data along different directions on the

same event  is to a l a r ge  e x t e n t  assoc ia ted  w i t h  the  o f f - c e n t e r

detonation of the cloud influencing the airblast and illustrates

the necessity, for nuclear—airb last simulation purposes , of

providing a uniform fuel distribution within the cloud and

centrally detonating the cloud .

The nuclear equivalency of FAE varies from an upper limit

of 170 tons of fuel per kiloton for exp l o s i v e l y  d i s sem in a ted clouds
to a lower limit of 63 tons of fuel per kiloton for well mixed ,

centrally detonated fuel-air mixtures contained in hemisp her i c a l
balloons. This lower limit appears too low when compared with

da ta from propane—oxygen detonations. For well distributed ,

u n c o n f i n e d  aerosol clouds of c y l i n d r i c a l  shape , h a v i n g  a he iqht -
to-diameter ratio of 0.2 , the nuclear equivalency is expected

to be approximately 150 tons of fuel per kiloton , somewha t
smaller than for the explosively disseminated clouds but sub-

s t a n t i al ly  la rger than  for prern ixed , h e m i s ph e r i c a l l y  shaped fue l
vapor-air mix tures.
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SECTION L~

EFFECT OF CLOUD GEOMETRY AND WIND ON
SIMULAT I ON EXPERIMENT DESIGN

Calcula tions of the airblas t from ideal detonations of

cyl indr ic a l l y  shaped ethy lene  oxide  clouds have been car r ied ou t

in Reference 15. An overpressure impulse-overpressure curve

for several cylinder diameter-to—heig ht ra tios may be constructed

f rom these r e s u l t s  (F i gu r e  12). This  presen tat ion shows that as
the d i a m e t e r — t o — h e i g h t  r a t i o  of the c y l i n d e r  increases , the
nuc lea r  e f f i c i e n c y  of the  cloud decreases .  The exp los ive ly
disseminated fuel clouds have a diameter-to-he igh t ra tio of
approxima tely five (height-to-diameter ratio equals 0.2) and

have an average fuel concentration of approximately 8 percent.

For 170 tons of fuel , the clouds have a heigh t of 140 f eet and
a diame ter of 700 feet. Figure 12 indicates that by going to

a d i a m e t e r - t o - h e i g h t  r a t i o  of u n i t y  it may be possible to

achieve a fac tor of 2 greater fuel efficiency and hence a

reduction in cloud volume by a factor of 2. Assuming this one

arrives at a cloud height and diameter of 325 feet. Going to

a di ameter-to-height ratio of 10 would decrease the fuel

effic iency to half that for the diameter-to-height ratio

of 5 and consequently double the volume requiremen ts of the

cloud . This cloud would be 110 feet in height and 1110 feet

in diameter.

The highest fuel efficiency represented in the data was

63 tons of MAPP (this would result in a diminished overpressure—

distance curve which could be accounted for by placing the

32
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tarqet points closer to ground zero as previously discussed) and

a resultinq hemispherical cloud (again at a fuel concentration

of 8 percent) of approxima tely 210 feet in radi us, the hei ght
of a 21 story building . Even for the upper limit of detonab ilify

of MAP!’ of 13 percent, the rad ius of the hem isphere wou ld be

approximately 175 feet. These numerical exercises illustrate

the gigantic scale over which fuel clouds must be more-or-less

uniformly disseminated .

The other controlling factor in the dissemination of the

fuel is the time available such that wind does not cuase appre-

c iab le e r ro r  in overpressure a t a g iven target location . Error

d ue to w ind at a g iven  overpressure level can be ca lcu lated
assuming the pressure—distance relationship for the l-KT nuclear

surface burst to be simulated. These results are shown in

Figure 13 for a 3—second fuel dispersal time .

For a given fuel dispersal time , a given wind velocity

represents a given change in location of the cloud cen te r  w i t h
respect to ground zero , tR. Since the percent error in over-

pressure is proportional to AR/R , the largest errors in o v e r -

pressure occur at the larger overpressures. Although the

assumption of a 3—second dispersa l time is somewhat arbitrary,

Fi gure  13 shows tha t d i spersal times of th i s  order  are necessary
to keep overpressure errors realistically less than 20 or 30

percent. Since the errors are proportional t o  the w ind veloci t y
times dispersal time , if velocities as low as 2 k n ot s  could  be
assured , then dispersal times could be as long as 10 t o  15 seconds
for the same errors shown in Figure 13. To design a system de-

penden t upon such low wind veloc ity at shot t ime seems , however ,

impractical at this stage because of the low probabilit y of

occurrence of such low wind veloc ities on any qive’i shot day

and the generally large costs associated with shot delays.
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CLOUD DISPERSAL TIME EQUAL TO 3 SEC FOR 1-KTON SIMULATION
1 1

— CLOUD MOTION TOWARD TARGET
‘LI

3 0—

D SPEED IN KNOTS
~ 

20 —

10 -

1~0

~~~~20-

~~~~ 30 -
I

CL OUD MOTION AWAY FRO M TAR GETw 40 —

0

0 20 40 60 80 100 120

DESIRED OVERPRESSURE. psi

Figure 13 Error in  p r e d ic t e d  o v e r p r e s s u re  clue t o  c loud
transla ti on f l y  w i n d .
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Fuel  r a t e s , c l o u d  vo lumes , and f u e l - d i s p e r s a l  t ime l i r i .~~- 1-

i n n  d i s c u s sed  above t e nd  to bound the  sys tem r e - {u i r e r r e nt s .

Obviously to disperse the large amount of fue l in the times

f i c t 1 t ( l d  I W i l t I l  velocity requires multiple dispersion p o i n t a .

J us t  liow~~~h i s i s  t o  be done , t h e  efficiency to which vaporiza-

t ion and m ixinq of a i r  and  f u e l , and t h e  u n i f o r m i t y  and c o n t r o l
of t l~~ f u l l  c o n c e n t rat i o n  in such q i q a n t i c  volumes is b e l i c - : i-d

t I )  l i -  t h e  k c r ~. & - 1  of the  F’AE n u c l e a r — a i r b la s t  s i m u l a t i o n  problem .
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SECTION 5

DETONABILITY OF AEROSOL-AIR MIXTURES

Two a c a d e m i c  i n s t i t u t i o n s :  The U n i v e r s i ty  of  M i c h i g a n  ( t M )

under t h e  d i r e c t i o n  of J .  A .  N i c h o l s  ire l t h e  U n i v e r s i t y  of
Cal  i t o r n  ia at Herkeley (LCB) under t he i i  r ec t  ion o f  A .  K .
( )p p e r r h e i m  have  done e x t e n s i v e  r e s e a r c h  i n t o  t he  comPaction and

detonation of fuel—oxidiz er mi:-: t ures. The work i t UCB has bee-ri

heavily weighted t r w i ru t f n - o r & - t i c a l  i n v e st i t a t i o n  w h i l e  the  IJM

g r o u p  h as  c o n c e n t r a t e d  on t h e  e xp e r i m e n t a l  a s p e c t s  of Il - t o n a —

b i l i t y .  E x p e r i m e n t a l l y  i t  has  been f o u n d  t h a t  t h e  d e t r r i a b i l i t y

of a fuel—air mixture is contnolle d by two factors; the mean

dro l-let size arid the average f 21-1 concentrit ion . l3oth of these

factors can be varied over qu i te wide ranqes and the mixtures

will still support a detonation .

Results from the tM  - t r o u t -  i n d i c a t e  that i m i x t u r e  of air

and a fuel composed of uniform size droplets less th an 2500 microns

in diameter can support a d e t o n a t i o n .  If the liquid component

of the mixture is composed of droplets ha vir i t fi a nir -ters of less

than ten microns , the result i n i  m i x  t u re  w i l l  h av e  det onat ion

properties close to the t heoret i n n  (‘hiprc - In—Jr u l u t (CJ) con-

ditions as computed from the gaseous mixtur e * (Reference 16).

As the droplet size increases from 10 m Icrons , a t ime l~~q be-

tween passage of the shock front and confla gration ot the droplet

is developed . This delay consists primarily of the t ime required

Reference 16 indicates that the ideal CJ shock velocity may be
exceeded for one—dimensional deton at ions in fogs with mean
droplet diameters of around 2 microns.
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f or  t h e  passing shock f r o n t  to shatter the drop let. to t he ime

(0-l ay increases , shock veloc ities lower thin the i d ea l  CJ values

art ’ observed (Reference 17) -

The amount of enerqy as a function of fuel conc nt rat ion re-
q u i r e d  to i n i t i a t e  the  d e t o n a t i o n  was f o u n d  to  be a m i n i m u m  n t - a r

the ctoichiometric value , with a factor of 1.5 af u t ~h -  s t o i c h i o —

m e t r i c  b e i n g  the p r a c t i c a l  limits on the concentration that can

be d e t o n a t e d  ( R e f e r e n c e  18) . This effect can he seen in Fi r-

ure 14.

It has also been shown (Reference 19) that combustion of

the droplet can P initiated by the passa je of the shock front

alone . Furthermore , the energy released durinq the conflagrat ion

of the droplets augments the ener ty i n  the  shock front. In

dive rging geometry , with the absence of any erlerqy augmentation ,

a shock f r o n t  w i l l  d i e  o u t .  The peak pressure of the sh ock

front can only be maintained if a certain minimum amount of

e n e r g y  is added to the shock front as it diverqes. Consequently

t h e r e  is a minimum fuel concentration which can maintain a

shock f r o n t  i n  diverg ing geometry (References 20 and 21)

Experiments using mono-disperse sprays of kerosene , wi th
droplet siz - s between 200 and 600 microns , ar e  reported in

Refer -nee ~l. To investigate the characteristics of a ili-tona-

t io i - i  i n  a d i v e r g e n t  geome t ry ,  a c y l i n d r i c a l  apparatus was used.
Data from these experiments are seen in l i qure 15. A similar

study was performed using diethylcyclohexanc (Reference 17) and

a much larger range of drop diame ter s. Result u of thi~ work

are shown in Figure 16. The tests reported in Reference 17 were

conducted ove r a c o n c e n t r a t i o n  ranqe  between 20 } ) t r ( ’ e r r t  and

100 percent of stoichiometric. Reference 17 attribut e s the
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F igure  14 Critical threshold energy for detonation
initi ation as a function of MAPP concentration
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d e g r a d a t i o n  in  performance with increasing drop size to heat

transfer and friction losses in the experimental apparatus in

add ition to an increase of the drop let breakup time .

It would thus appear that a detonation wave having diverging

geometry can be maintained in a fuel-air mixture in which the

maximum droplet size is 2500 microns or less. The smaller the

m e an  d r o p  size , the closer the detonation approaches the ideal

CJ conditions , the detonation velocity being within 10 percent

of ideal for diameters less than 1.0 mm .
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SECTION 6

SPRAY NOZZLE TECHNOLOGY REV I EW

6.1 NOZZLE PERFORMANCE

R e f e r e n c e s  3 and 5 c o n c e n t r a t e  on n o z z l e s  as a m e a n s  f o r

f u e l  d i spe r sa l  w i t h o u t  g i v i n g  s u f f i c i e n t  b a c k u p  on a v a i l a b l e
nozzle performance to establish f e a s i b i l i t y  of the me t hod . To

establish a data base , numerous U.S. manufacturers WI -r I con-

tacted . The data on nozzle 1-erform ance thus obtained are shown

in Table 1. The ease of extracting information a p pea r s  t o be

a strong f u n c t i o n  of t he  company s i z e .  Those m a n u f a c t u r e r s  w i t h

a large and varied product line were found to be extremely

hel p f u l , while the smaller companies with - i l i m i t e d  and pro-

prietary line were quite reluctant to disclose details of their

produc t s .

A rough estimate of the nozzle performance required can be

obta ined  by r e f e r r i n g  to Section 3 . 4 :  a p p r o x i m a t ely  150 tons
( 50 , 000 g a l l o n s )  of f u e l  in a c loud a p p r o x i m a t e l y  140 f e e t  h i q h
and 720 f ee t  in d i a m e t e r .  F u r t h e r , t h i s  c loud  is to be qenera ted

in approximately 3 seconds. T h i s  d i ct a t e s  a t o t a l  f l o w  of

approxima tely  106 gallons per minute. If 300 nozzles are used

in the simulation system , each nozzle would have to pass about

3300 gallons per m i n u t e .  Several  m a n u f a c t u r e r s  l i s t  n o z z l e s

within this flow rate capability (Table 1). More d ifficult to

obtain is the required vertical reach of approximately 140 feet.

Several manufacturers document a horizontal reach , giv en an

initial flow vector , however , documented data on vertical reach

are nonexistent. The vertica l reach values of Table 1 were

obtained verbally.
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Water atomization performance of the nozz lt-s from two dif-

ferent manufacturing companies are displayed i n  F igu r e s  17 and

18. The f l o w  r a t e  p e r f o r m a n c e  of t he  n o z z l e  f r o m  the  Spr aying

Systems Company are as f o l l o w s : Mode i  No .  1120 is one of a
lo ng line of full—cone , large capacity nozzles. The lar -test

orifice diameter for the H20 in this series is 9/l6ths of an

inch and , at 100 psi  head pressure , has a flow rate of 68 gallons

per minute. Nozzle type Gl is a much smaller device , having a

f l o w  r a t e  of 0.3 gallons per minute at a head pressure of

100 psi . Wha t  is s i g n i f i c a n t  about  r-~i q u r e  17 is t h a t  i f  the
d a t a  may be e x t r a p o l a t e d  to very  h i g h p re s su res , even the  h i g h e s t
f l o w  rate nozzles may produce particle droplets on the order of
1000 microns in diameter. The n o z z l e s  f r o m  the Itete Fog N o z z l e
Company (R e f e rence 2 2 , represented in Fi gure 18), arc self-

exp l a n a t o r y .  Here a g a i n , if the data can be extrapolated to

1000 ga l l o n s  per m i n u t e  a t  1000 psi head , d r o p l e t  s izes  w i l l
still remain less than 1000 microns .

For ebvious  reasons , i t  is highly desirable to be able to

performance—test candidate nozzles using water as the workinq

fluid. To be ab~~c to use these data , it is necessary that

performancc-corr-lation rules between water and the candidate

hydroca rbon  f u e l s  e x i s t .  Because of the  i n t e r n a l  d e s i g n  of
many commercial nozzles , this is not always possible (Refer-

ence 23). However , some approximate guide lines have been

developed .

Drop let size and nozzle flow rates are governed , in addition

to pressure  head , by the material properties viscosity, su r f ace
tension , and l i quid density. Under ideal conditions , the f low

rate throug h a nozzle is given by

ci = ~J~P (1)

4 )
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( n r c 24) .
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where k is a c o n s t a n t , ,-p is  the pressure head , is the ll ;u i d

density, and ~ is the dynamic viscosity.

In those cases wh ere the no z z l e  des ign admits the possibility

of predicting performance of using hydrocarbon fuels by experi-

mentation using water , droplet size rules-of-thumb have been

developed e m p i r i c a l l y  by the Delevan Manufacturinq Company

(Reference 24).

Drop le t d iameter may be rou gh l y  es tim a ted by

1/3 1/4d 
(7-il) ( - ~ ) (2)

where ci is the mea n drop d i ame ter and i s the li quid surface

tension .

Reference 24 also concludes that the t-quation relating flow

rate with density and pressure head is only approximate. Vis-

cosity on the other hand has a profound effect on the flow rat i nuq

of the nozzle:

“The e f fec t of viscos it y is compl ex , under certain

conditions a hi gher viscosity will increase flow

rate. Sometimes it has the opposite effect. In
cone spray nozzles , a moderate increase in viscosity

is likely to increase flow . At higher v i s c o s i t i e s

and with other types of nozzles the flow rate usually

decreases with an increase in viscosity. The exact

effect must be determined experimentally for the

specif ic nozzle design and operatin9 conditions

involved .”
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Thu s, the use of water in a particular nozzle for its calibration

must be done with caution .

Surface tension is a slowly varying function of temperature

and , for hydrocarbon fuels , is approximately one-third that of

water. The viscosity i s  a very strong function of temperature .

However , f o r  m o s t  of the fuels under consideration , it is approxi-

mately one-third that of water at norma l  room t e m p e r a t u r e .

The use ot water to s i m u l a t e  the  h y d r o c a r b o n  f u e l  shou ld

not be ruled out automatically. The viscosity of water can hr

reduced by a factor of three by raising its temperature to 45°C

(Reference 25) and the surface tension may be reduced by addition

of wetting agents. it is thus conce ivable  t h a t  the  v i s c o s i ty

and surface tension of candidate hyd rocarbon fuels can be aF l p r o x i -

mated  by the use of w a t e r  under  s p e c i f i c  t e m p e r a t u r e  and a d d i t i v e
c o n d i t i o n s .  The o n l y  p r o p e r t y  t h a t  cannot be matched is density.

In any case , not even water performance data exist at the

h i q h  p ressu re  and f l o w  r a t e  c o n d i t i o n s  r d lu ir e d  fur  a l — K T

simulation . A basic experimental p r o g r a m  wou l d  be required to

o b t a i n  such i n f o r m a t i o n .

6 . 2  TH EORETICAL VERTICAL REACH

From Sec tion 5 , it is clear that droplets having mean

diameters of less than 2500 microns arc required to maintain a

detonation fron t . Assum ing Stokes law , the equation of motion

of a droplet travelling through the air is given by

dv / v  \
= - g + 1

) 
( 3 )
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where q is the I ;r a v i t a t i o n al  a c c e l e r a t i o n  and v
t is t b -  t erm inal

free—fall velocity of the droplet in air.

It is pointed out in Reference 26 that only dru:Jets hav ing

diameters loss than  80 m i c r o n s  w i l l  obey S tokes  law . 1-or d i a m-
eters between 80 and 8000 microns it is claimed that li quid

droplets fallino in aases  appe a r to remain spheri c - i l and devi~r t I

f rom Stokes law in the same manner as solid spherical : i r t i c l e s ,

up to  a R e y n o l d s  n u m b e r  of a b o u t  500.

Solution of Eq.  ( 3 )  l ea ds  to the f o l l o w i n g  e q u a t i o n  f o r  the

max imum he ight of the particle when init i ally projected vertically

upward .

v I (v + v
t I \ O  th = v — v I -__-_-_ -

~
_ ( 4max  IT o t

where v is the initial upward velocity of the droplet.

As an example of what might be expected from a commercially

i v ai lable nozzle , consider Sprayin q Systems Company nozzle 811F800

( Re f e r e n c e  2 7 ) .  Th i s  dev ice  has an o r i f i c e  diameter I,f 4.031 inches

and can deliver 2800 gallons per  m i n u t e  a t  a p r e s su re  c f  100 p s i .
The mean f l o w  v e l o c i t y  t h r o u g h  t h i s  o r i f i c e  is then  7 2 . 6  f t/ s e c .
Th is is a spray n o z z l e  hav ing a w i d e - a n g l e  d i s p e r s i o n  p a t t e r n;
however , for the sake of argument , let us assume t h a t  all flow

is vertically upward . Using terminal v e l o c i t y  da ta  g iven  in
R e f e r e n c e  26, Table 2 has been created . Most nozzle manufacturers

indicate the flow rate through their nozzles is proportional to

the square root of the pressure head . Thus for the nozzle con-

s idered above , if the pressure were increased to 1000 psi , it

would perform at 8850 gallons per minu te and would have an

accompanying 230 ft/sec flow velocity. Data corresponding to
this initial velocity are also listed in Table 2.
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TAI3I.E- 2 M A X I M U M  DROPLET ALTITUDE AS A I- ’t~N CIlO N el DIAMETE- R
AND I N I T IAL VELOCITY ( V

C)

T e r m i n a l
- ~:elocity, v M a x i m u m  l l e i q h t , ( f t )

Drop Diameter t — --- -~~ 
- - v =i 2.6 f t / s e c  v = 2 3 0  f t / s e c

( I - )  ( I t - S I C)  0 0 
_____

2 6 0 0  24 .8 2 9 .8  133
1500 18.5 24.8 105
1000 13.2 19 .6 78.5
50P 1 .8 1.1.8 43.5
100 0. 91 1.9 6.4

Terminal veloc i i r s  I~ ererr ~~ ? CI t ho~o. d lu O t e d  in Table 2

may be oh t IIY R - ) f rom Pr - f . -  -nc. - 27 ( T a b l e  3) . If these latter

data ar . na - I f  inst cad o~ h o s e  ron P e t  er -nc - 22 , the maximum

height for a 1500 mi cr on d i i : - . I r f r t g  let it - i  p r - ssu r e  head of

1000 psi is g I - : . :  1 : - l i t  -ly .1 feet ( . . J t : I I I l i  ed w i t h  105 f a t ,

Ta b l e  2 ) .

These are max imum estim ates ( I f  t he  particle trajectory

height. if the actual draq coefficients were used , the higher—

order velocity d ep en d e nc e  would  have  r e s u l t e d  in  a greater dra g

upon the particle and a lower trajectory . Furthermore , drop let

ablation will occur due to both evaporation and shattering . It

is unlikely that a 2500 micron diameter particle existing near

the nozzle throat will have the same size at its zenith. This

also contributes to a lower maximum height for the droplet.

In  the absence of e f f e c ts other tha n those cons idered above ,

it is improbable tha t sing le drople ts can be pr ojec ted to the

heights requisite for the feasibility of a l-K’J’ simulation.
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TABLE 3 WATER DROPLET COM P A R I SON DATA
(FROM REFERENCE 27)

Drift in
[‘article Size Comparative Time for 3 mph

R a n g e  ( p )  Subjec t  in Particle to Fall Wind 10 Feet
M e d i a n  Volume P a r t i c l e  S ize  10 F e e t  (sec) Fall (ft)

5000 to 2000  Heavy R a i n  0 . 8 5  3 . 5
0.9 4.0

2000 to 1000 In tense  P u n  0 . 9  4 . 0
1.1 5.0

1000 to 500 Moderate Rain 1.1 5.0
1.6 7.0

500 to 100 Li g ht  R a i n  1.6 7 . 0
11.0 48.0

100 to 50 Misty Rain 11.0 48.0
4 0 . 0  175 .0

50 to 10 Wet Fog 40.0 175.0
1020 .0  4 5 0 0 . 0

10 to 2.0 Dry Fog 25400.0 112000.0

1.0 to 0.1 Fumes Suspended in air --

0.01 to 0.001 Smoke Suspended in air — -

Below 0.001 Molecular -- --
Dimensions
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6. 3 SUMMARY

We have been u n a b l e  to  uncover  e x p e r i m e n t a l  d a t a  on t h e

following :

• P e r f o r m a n c e  of h ig h f l o w — r a t e  spray or j e t  n o z z l e s
using hydrocarbons as the working f l u id

• Mean droplet size and droplet size distribution from
high flow—rate water spray nozzles

• Vertical fluid projec t ion limit s of any nozzle
operatinq at the pressure and flow-rates required
fo r  a l — K T  s imu l at ion

In Sect ion 6 . 2  serious doubt  was cas t  upon the a b i l i ty of

a spray nozzle to projec t to a he ight of 140 feet. The results

canno t be considered conclus ive , however , as no considera tion
was taken of the influence of the liquid flow-induced motion

of the s u r r o u n d i n g  a tmosphe re .

Al though it is highly desirable from both a cost and safety

s t a n d p o i n t  to t es t  the d i spe r sa l  system u s i n g  wa te r , such a t es t

may have lit tle bearing on the performance of the system using a

hydrocarbon. As seen in Section 6.1 , several manufacturers ind i-

cate that although it may be possible to estimate hydrocarbon

performance us ing wa ter , this procedure does not always lead
to the correct results. To have a high confidence in nozzle

performance , cand idate nozzles must be tested with candidate

fuels.

‘1~3



SECTION 7

COMPARISON OF CANDIDATE FUELS

Successful weaponiZaticln of the FAE concept has been obtained

using ethylene oxide as fuel (Reference 10) . This mat ’-rial has a

clear mili tary advantage over many of the hydrocarbon fu r - l a  in

that it is water-soluable which reduces the fire hazard in t Ot -

event of a spill , particularly on-board ship. It has a high

density and its detonation limits do not vary signif icantly over

very large ranges in ambient temperature. Such considerat ions

a re no t necessa r i ly pertinent to FAE used as a simulation t f r - ’ .’u-

and other f uels wer e investi gated .

Confined detonations have been observed in such diverse

ma te r i a l s  as kerosene , d i e thylycyc lohexa ne , dec ane , hexadecan e ,

and MAPP. NWC has reported unconfined detonations in a great

many mat~~rials (Reference 12), a sample of which is l i s t e d  in

Table 4. It will be noted that toluene can be detonated if the

li q u i d  is prehea ted , but it canno t suppor t a de tonati on i f the
vapor is in itially cold. Methane cannot be detonated in air and

the only data on kerosene is the laboratory , con fined—detonation

work of the University of Michigan (Reference 21) . Although we

have en tered a “ ? “  for the unconfined de tonat ion of ace tylene ,

it is well known tha t this ma terial can suppor t a de tona t ion over
very wide concen tration limits (Reference 28)

The bulk costs of the fuels were obtained by direc tly con- 
-

tacting various suppliers. Many of the more common fu e l s , such
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TABLE 4 COMPARISONS OF CANDIDATE FUELS

B u l k  Cos t -Unconfined 
9 

— Toxic
Candidate Fuel Detonation $/ton S/lO cal Hazard*

Ethylene Oxide Yes (NWC) 2500 t95 3/2

Propylene  Oxide Yes (NWC ) 1160 170 2/2

Ethylene 1940 180 0/2

Acetylene ? 1500 135 0/2

MAPP Yes (AFATL) 85 0/0

Toluene Yes—Warm (NWC) 1860 200 1/2
No-Cold (NWC)

Diethylether Yes (NWC ) 7 20 90 2/ 2

Propylnitra te Yes (Nor thrup) 2500

Methane (LNG) No (NWC) 1365 115 0/ 1

Propane (LPG ) Yes (NWC ) 25 5 24 0/ 1

Butane Yes (NWC) 11’ , 12 0/2

Hexane Yes (NWC) 160 15 1/1

Hep tane 14 0 13 1/2

Gasolene Yes (NWC ) 115 11 2/2

Kerosene ? Lab (UM) 124 13 1/2

Diesel Fuel 102 11 1/2

* See text for definitions of hazard numbers
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as gasolen .- , repiar - , and d ir e -a l f u r - I , ca l l  hr: o f t  l i n e  i n  t a n k

c ar  q u a n t i t  j e s  w h i l e  the more ex ot  I C  f u r - I s  sue t  as I - t ti - f r - i ’-

o x i d e , d i r - t h v l e t  her , e t c . ,  can o n l y  be oh t  a in Il ii: 55 l;dl Ion

d r u m s  or s m a l l e r .  E t h y l . . n r -  Ox iIle is U n i ur , in hat it is

shipped o n l y  i n  r e in f o r c e d  c a n is r r - r s , eac h  of which l r - I T t i i r e  a

substantial monetary deposit (in excr-ss of $400) . The bulk

costs for the fuels enumerat I - I f  i n  T a b l e  4 do not  incl i d ’ -  any

canister deposit a. The cost. s a n -  t h e  q u o f  a t  i o i i f i  f r o m  t h e

supp l i e r s , v a l i d  as of March  1977 , a nd rr . - f l e c t  t h e i r  rices for

t h e  l a rg es t  q u a n t i t i e s  t h a t  can be s h i p p e d . Thu : i& -c on d  col can ,

under  t he  h e a d i n g  of b u l k  cost , is t h e  cost per  Unit e x p l o s i ve

y i e l d  measured  in TNT e q u i v a l e n t  tons .  ( l 0 ~ c a l o r i e s  is t h e

ene rgy  o u t p u t  of one m e t r i c  ton of T N T . )

The t o x i c i t y  h a z a r d  a s soc ia t ed  w i t h  h a n d l i n g  t h e  cand i -

da te  f u e l s  is seen as the last col umn of Table 4. T h e s r -  data

were taken from Reference 29 herern two qeneral yroupinqs of

hazards are discussed . They are acute and chronic hazards ,

the latter being associated with long term (weeks  or m o n t h s )

handling of the material. This is. not pertinent to our work

and has not been incorporated in the table. The acute hazard

refers to a one-time or short-term contact with the material.

There are two c lassi f i ca t ions o f t h i s  h a z a r d , t h e  f i r s t  b e i n g
a direct application of the material to f f i r -  sk in , while the

second , or internal hazard , would normally be associated with

the inhalation of the vapors. A r a t i n g  of 0 i n d i c a t e s  l i t t l e

or no t o x i c i t y  w h i l e  the  h i g h e s t  r a t i n g , 3 , i n d i c a t e s  t h a t
extreme caution is to he used in handling the material. The

rating numbers in the toxicity hazard column are read :

external/inhalation. Included in the external hazard are frost

bite and severe dry ing of the skin , while the internal hazards

include , but are not limited to , lung inflammation , nausea , and
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4

a n e s t h e s i a  ( d i et h y l e t he r , “ e t h e r , ” is w e l l  known f o r  i t s  a n e s t h e t i c

p r o p e r t i e s ) .

Hi gh cost and hi g h t o x i c i t y  make  e t h y l e n e  o x i d e  u n a t t r a c t i v e

as a candidate for the simulation concept. The combination of low

cost and relativel y low toxicity make the more common fuels , such

as propane , butane , and heptane more desirable as c andida te s.

MAPP shou ld  a lso be i nc l u d ed , as its detonation properties have

been well documented and it has a very hi gh vapor pressure which

may insure the formation of a vapor cloud with little or no rain-

out of the fuel. Furthermore , MJ~PP is an unsuall y saf e fur l to

handle (Reference 28) . The hiITh vapor pressure considerations

also apply to propane.

Mixtures of octane and heptane form the standard for t h e

“octane rat ing ” of motor fuels. A gasolenr- which has t h e  same

burninq rate as pure octane is said to have an oct ine rating of

100. The lower the octane ratinci the hi gher the detonability

of the gasolene. Thus , pure octaine would i p f a - a r  t o  l I t ’  a poor
candida te for a FAE , while heptanr , br ing a more easil y detonated

f u e l , would appear to be a qood candidate . Heptane has thus been

included in our list of candidate fuels , alth ough it has been

subjected to little FAE “xpcrimentat ion . It should be noted ,

however , that the boiling point of heptane is 98.4°C . This  may
make its dispersion more difficult than that of MAPP or propane.
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SECT I ON 8

CONCLUSIONS AND RECOMMENDATIONS

1 . Exp los i vely  d isseminated FAE airblast dat i show a ad - e r
sur face burs t equivalency of 170 ton s of fuel fl e r  kil ot on
for fuel clouds having a height-to-diameter ratio of 0.2.

2. The errors associated with predicting airb l mat f~ lr~~ r~te r s
f rom expl os i v e l y  d issemina ted f u el clouds  are i I f nc : . : i m a t - l y
three times those associated with condensed exp losive
n u c l e a r - a i r b l a s t  s i m u l a t i o n  e x p e r i m e n t s .

3. The use of detonation points offset from the center of t h e
FAE clou d causes m u l t i ple airblast shocks which contrib ute: -
to azimuthal variations in airbiast parameters. Mul t i : - l r
shocks would be undesirable in a nuclear— airblast s i m u l a t i o n .

4. Although hemispherical balloons filled with fuel—air mix-
tures show nuclear surface burst equivalencies of 63- t.o
88-tons of fuel per kiloton , the fuel vapor was well mixed
w i t h  a i r  (or o x y g e n )  over very  long t i m e s  (in comparison
with simulation fuel dissemination times) and conseque ntly
the data are bel ieved unrealistically low for unconfined
aerosol fuel clouds disseminated within a few seconds.

5. A real istic estimate of the nuclear surface burst equiva-
lencies of unconfined aerosol fuel clouds is believed to
be 150 tons of f u e l  per kiloton for clouds in a cylindrical
geometry for a height—to—diameter ratio of approximately 0.2.

6. Vapor/aerosol—air mixtures , for a l-KT simulation , require
cloud dimensions of gigantic proport ions , approximately
140 feet high and 700 feet in diameter. These large cloud
dimens ions require mul tiple f u e l  d i s p e r s i o n  p o i n t s  and
place great emphasis on fuel dispersion techniques.

7. Increasing the height—to—diameter ratio of the cylindrical
fuel cloud increases the overpressure-impulse effectiveness
of the FAE . However , this is offset by requirements for
larger fuel d issemination heights with a consequent greater
dependency on ambient wind veloc i ties.
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8. Aerosols wi th mean droplet diameters less than 2500 microns
will support detonation. The sma l l e r  the drop let diameter ,
the closer the detonation will be to the ideal Chapman-Jouqet
shock conditions for the vapor .

9. D e t o n a t i o n s  w i l l  be supported fo r  f u e l  c o n c e n t r a t i o n  w i t h
a factor of 1.5 on each side of the stoichiometric mixture .

10. Spray nozzles exist with performance charac teris ti cs in
the flow rates necessary for a l -KT  s i m u l a t i o n  but  very
litt le informa tion exis ts on droplet size d i s tribut ion
and/or vertical reach for these nozzles.

11. Theoretical estimates of the maximum vertical reach of
s ing le  droplets indica te tha t the necessary cloud hei ghts
may not be possible for  spray n o z z l e s  producing drople ts
of 1500 microns or less.

12. Perforetance of nozzles using other than water as a working
f l u i d  mus t be evalua ted u s i n g  the candida te n o z z l e  and the
candidate fuel.

13. Hi gh cost and high toxic  haza rd make ethy lene oxide a poor
candida te for FAE nuclear-airblast simulation experiments.

14 . Low cost and low toxicity hazards point toward propane ,
MAPP , and butane as being the attractive candidate fuels
for FAE nuclear—airblast simulation experiments with heptane
being wor thy of consider at ion.
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